The turnover ofcholine-containing phosphoglycerides (PC) in response to agonist stimulation is well documented in human neutrophils. We have now compared the enzymic pathways of N-formylmethionyl-leucylphenylalanine (fMLP)-, A23187-and phorbol-12-myristate 13-acetate (PMA)-induced diglyceride (DG) and phosphatidic acid (PA) generation in these cells. In order to distinguish between phospholipase C-and D-mediated PC breakdown, human neutrophils were radiolabelled with 1-0-[3H]alkyl-2-acyl-glycero-3-phosphocholine and stimulated in the presence of ethanol or propranolol. The addition of 0.5 % ethanol to the incubation mixture resulted in the production of phosphatidylethanol, indicative of phospholipase D activation, in response to all three stimuli. Concomitant with phosphatidylethanol formation was a partial block of PA production. The production of DG was also partially blocked by addition of ethanol.
INTRODUCTION
The stimulated metabolism of choline-containing phosphoglycerides (PC) plays an important role in a number of cell types, including human polymorphonuclear neutrophils (PMN). It is now well established that the alkyl-linked subclass of PC serves as the precursor of platelet-activating factor [1] [2] [3] and a donor of arachidonic acid, which may be further metabolized to 5-hydroxyeicosatetraenoic acid and leukotriene B4 [4] [5] [6] [7] . More recently, however, the role of PC as a precursor for 1-radyl-2-acyl-glycerols (DG, 'diglycerides') and phosphatidic acid (PA) has come to light. The turnover of PC in response to agonist stimulation has been reported in a number of cell types [8] [9] [10] [11] [12] [13] [14] [15] , including human PMN and HL-60 granulocytes [6, [16] [17] [18] [19] [20] [21] [22] . Recent studies in our laboratory [16, 17] and those of others [18] [19] [20] [21] [22] have shown that both DG and PA are released from PC in response to the stimulation of human neutrophils with a variety of agents. These findings have generated interest in elucidating the enzymic pathways responsible for the production of these lipid products, since they have been shown to modulate neutrophil function [23, 24] and protein kinase C activity [24] [25] [26] [27] [28] .
The generation of PA and DG can be accounted for by either a phospholipase C-or a phospholipase D-mediated pathway. Studies of human PMN re,ults in production of PA in these cells [16] [17] [18] [19] [20] [21] [22] . Since PA production precedes that of DG, DG formation has been attributed to a phospholipase D-mediated process. In many studies, however, the actual production of DG was not reported, and a contribution of phospholipase C toward DG production could not be excluded.
In the present studies, the enzymic mechanism responsible for the generation of DG from PC was investigated in intact human PMN stimulated with N-formylmethionyl-leucylphenylalanine (fMLP), ionophore A23187 or phorbol 12-myristate 13-acetate (PMA). Various agents were used to block or inhibit DG generation via phospholipase D, in order to determine the contribution by phospholipase C toward this product. The results of these approaches suggest that phospholipase D and not phospholipase C is activated in response to fMLP, A23187 and PMA. However, some differences in the responses of PMN to these agents are observed, which warrant further investigation.
MATERIALS AND METHODS Materials
1-0-[9,10-3HjHexadecyl-2-lyso-sn-glycero-3-phosphocholine (56 Ci/mmol) was synthesized as described previously [29] and purified by reverse-phase h.p.l.c. when radiolabelled decom- Length of stimulation (min) Radiolabelling of cellular lipids PMN (3.5 x 107/ml) were radiolabelled by incubating with 0.5 ,uCi of 1 --_[9'1 0'-3H2hexadecyl-2-lyso-sn-glycero-3-phosphocholine/ml as described previously [32] . T.l.c.
Radiolabelled products in the organic phase were separated with the following solvent systems. Neutral lipids were separated by chromatography on commercially prepared silica gel G plates in hexane/ethyl ether/acetic acid (40:60: 1, by vol.). PA and PEt were separated from each other and other lipid components by chromatography on silica gel 60 plates developed in the organic phase of ethyl acetate/iso-octane/acetic acid/water (11: 5:2: 10, by vol). Phospholipids and neutral lipids were identified by their migration with authentic standards.
Measurement of water-soluble choline metabolites
Water-soluble hydrolysis products of the phospholipase C and/or D reactions were quantified as follows. PMN were isolated and stimulated with fMLP, A23 187 or PMA as described above. At the indicated times 0.5 ml samples were removed and placed in Eppendorf tubes for rapid centrifugation (10 s) to pellet the cells. The supernatant was aspirated and the cell pellet was resuspended in 0.5 ml of deionized water and extracted by the method of Bligh & Dyer [30] , except that the methanol contained 20% acetic acid. Samples (850,ul) of the aqueous phase (total volume 2 ml) were placed in clean glass tubes and dried in a 60°C oven. After differential-ion-pair extraction, the masses of cell-derived choline and phosphocholine were separately determined by radioenzymic phosphorylation in vitro by using exogenous choline kinase and [32P]ATP as described in detail by Murray et al. [33] .
Statistical analysis
Owing 
RESULTS
The stimulation of human PMN with a variety of agents has been shown to stimulate the hydrolysis of PC to yield PA and DG [6, [16] [17] [18] [19] [20] [21] [22] . Consistent with these earlier studies, fMLP, A23187 and PMA were found to stimulate the hydrolysis of 1-0-[3H]alkyl-2-acyl-GPC from prelabelled cells to yield radiolabelled alkyl-PA and alkyl-DG (Figs. 1-3 ). (We [16] and others [22, 34, 35] have shown that both the alkyl-and acyl-linked species of PC are hydrolysed to yield PA and DG in PMN stimulated with a variety of agents. In addition, similar results are obtained when PMN are radiolabelled with an alkyl-or acyl-linked precursor [35] DG generation from PC, rather than the direct pathway catalysed by phospholipase C.
To investigate further the contribution of these two pathways towards DG generation, we took advantage of the fact that, in the presence of ethanol, phospholipase D catalyses a transphosphatidylation reaction which results in the formation of PEt [36, 37] . Thus this reaction serves as a tool for detecting phospholipase D activity and for blocking phospholipase D-mediated PA formation, and hence DG production. In these experiments, ethanol was added to the incubation mixtures at a concentration of 0.5 %, and its effect on DG production was monitored. Billah et al. [22] have reported that, in human PMN, PEt is derived exclusively through the action of phospholipase D. Furthermore, the PEt which is formed is metabolically stable and does not contribute significantly to DG production. A23187, fMLP and PMA effectively stimulated PEt production when ethanol was included (bottom panels of Figs. 1-3 ), indicating that all three agents were able to stimulate phospholipase D activity. Concomitant with the production of PEt was a decrease in PA production (middle panels of Figs. 1-3) . PA production was blocked to the greatest extent at the early time points. However, the time course of this response varied slightly among the three stimuli. Treatment with ethanol resulted in a statistically significant (P < 0.01) block of PA generation during the first 1 min of stimulation with A23187 (Fig. 2, middle panel) . This was not observed in response to fMLP and PMA. DG and PA were quantified as described in the Materials and methods section. Each point represents the mean of duplicate determinations from a representative of three experiments.
Of particular interest was the effect of ethanol on the production of DG. Again, the time course of ethanol's effect was stimulus-dependent. In PMN stimulated with fMLP ( Fig. 1) , DG continued to accumulate throughout the incubation period in the absence of ethanol. However, when ethanol was included in the incubation mixture, DG production was completely blocked at 30 s. DG levels then increased until 2 min and then reached a plateau, such that DG production was significantly (P < 0.001) inhibited after 5 min of incubation. In contrast, when PMN were stimulated with A23 187 or PMA, the blockage of DG formation by ethanol was not evident until after 10-15 min of incubation. (Figs. 2 and 3 , top panels). This finding was particularly interesting since, in cells stimulated with A23187, ethanol completely blocked PA production at 1 min, but no significant effect on DG production was observed. In contrast, ethanol significantly blocked the production of DG after 15 min in samples stimulated with PMA. The finding that ethanol only partially blocks fMLP-and PMA-stimulated PA and DG formation and had little effect on A23187-induced DG production prompted further investigation, since PC-specific phospholipase C activation was suggested.
To distinguish between phospholipase C-and D-mediated DG production, an inhibitor of PA phosphohydrolase was employed. Propranolol is a cationic amphiphilic drug which is a potent inhibitor of PA phosphohydrolase [38] . As such, propranolol effectively inhibits the conversion of PA into DG. In this manner, propranolol is useful in determining the contributions of phospholipases C and D toward DG production. In these experiments PMN were preincubated with 200 /tM-propranolol for 5 min before the addition of fMLP, A23187 or PMA. When PMN were stimulated with fMLP in the presence of propranolol, the production of DG was completely abolished, with a concomitant increase in the accumulation of PA (Fig. 4) . These results support a role for phospholipase D in the production of PA and DG in response to fMLP.
In contrast with the effect of propranolol on fMLP-stimulated PMN, this drug only partially inhibited DG production in response to A23187 (Fig. 5) and PMA (Fig. 6) . Although propranolol augmented PA production in response to A23187 and PMA at the later time points (P < 0.05), its effect was not as dramatic as that seen with fMLP stimulation. Of interest was the observation that propranolol inhibited PA production during the first 5 min of stimulation with A23187 (P = 0.008) (Fig. 5) . This finding led us to investigate the effect of propranolol on PC degradation. Propranolol had no effect on the breakdown of PC stimulated by the chemotactic peptide fMLP (Fig. 7a) . However, it did inhibit the breakdown of PC in response to PMA (P < 0.05) and A23187, although the latter was not statistically significant (Figs. 7b and 7c) . Thus in human PMN propranolol not only inhibits PA phosphohydrolase, but may also inhibit phospholipid breakdown by some unknown mechanism. The inhibition of PC breakdown by propranolol may account in part of its effect on DG generation in response to A23187 and PMA.
The inability of propranolol (200 /M) to block completely A23187-and PMA-induced DG formation at a dose where fMLP-stimulated DG production was completely blocked led to further investigations of possible phospholipase C activity. To this end, the question of enzymic pathway was addressed by measuring the mass of cellular choline and phosphocholine generated in human PMN after stimulation with fMLP, A23 187 or PMA. In these experiments activation of phospholipase C would lead to an increase in cellular phosphocholine, whereas phospholipase D activation would result in an increase in cellular choline concentrations.
When PMNs were stimulated with fMLP, A23187 or PMA (Fig. 8) , dramatic increases in cellular choline levels were observed. Stimulation with fMLP resulted in an increase in cellular choline from approx. 450 pmol/107 cells to 1500 pmol/ 107 cells within 30 s. Similar elevations of cellular choline were observed 5 min after stimulation with A23187 or PMA. The levels of choline remained elevated for the remainder of the incubation period with all three stimuli.
In contrast with the increased cellular choline levels observed after stimulation of PMN, no changes in the levels of phosphocholine were observed (results not shown). The inability of all three agents to produce increases in cellular phosphocholine levels suggest that phospholipase C is not activated in response to fMLP, A23187 or PMA.
DISCUSSION
Various studies suggest that PC-derived DGs may play an important role in neutrophil function. Diacyl-and alkylacylglycerols have been shown to prime phospholipase A2 activation Vol. 286 4 [23] and the rate and/or duration of the respiratory burst [24] . Furthermore, diacylglycerols may stimulate protein kinase C [25] [26] [27] , whereas alkylacylglycerols have been reported to inhibit protein kinase C [24, 28] . In spite of this, the enzymic pathways underlying DG production have not been thoroughly investigated. The hydrolysis of choline-containing phosphoglycerides has been attributed to phospholipase C or D in a variety of cell types. Daniel et al. [12] proposed a phospholipase C-mediated hydrolysis of PC in MDCK cells, based on the production of radiolabelled DG and phosphocholine. However, phospholipase D activity was not ruled out. On the other hand, PC breakdown has been attributed to phospholipase D action in rats hepatocytes, endothelial cells and REF 52 cells [39] [40] [41] . In human PMN and HL-60 granulocytes, a phospholipase D-mediated pathway of PC hydrolysis leads to PA generation [16] [17] [18] [19] [20] [21] [22] . Although studies utilizing enthanol strongly support a role for phospholipase D in fMLP-stimulated PA production, the contribution of phospholipase D towards DG production is not clear, nor is its role in PMA-or A23 187-stimulated cells. Therefore, we investigated the enzymic pathways underlying PCderived DG production in human PMN stimulated with fMLP, A23187 or PMA. Ethanol and propranolol were added to the incubation mixtures in an attempt to delineate between phospholipase C-and D-mediated DG production. The ability of PMN to generate PEt when stimulated with fMLP, PMA and A23187 was indicative of an activatable phospholipase D which was responsive to all three stimuli. However, ethanol's usefulness in distinguishing betwee the enzymic pathways of DG generation was limited by its inability to block completely phospholipase Dmediated PA production. Thus, although ethanol did block PA and DG production to some extent with all three stimuli, it was not possible to determine whether the remaining DG was due to phospholipase C activity or simply to the remaining phospholipase D activity.
In contrast with ethanol, propranolol at first appeared to be more useful in distinguishing between the apparent contributions of phospholipase C and D forward DG generation. Propanolol's ability to completely inhibit DG production in response to fMLP indicated that phospholipase D was probably the only enzyme responsible for DG formation with this stimulus. Adding strength to this conclusion was the finding that fMLP, although dramatically increasing intracellular choline levels, had no effect on the levels of phosphocholine.
Of additional interest in samples stimulated with fMLP in the presence of propranolol were the findings that (1) the inhibition of DG production was accompanied by a change in PA levels which was equal in magnitude but opposite in direction to that of DG, and (2) that propranolol had no effect on PC breakdown. These findings suggest that propranolol was exerting its effect only on PA phosphohydrolase. Such findings were not observed in response to A23187 and PMA. In PMN stimulated with these agents, propranolol only partially blocked DG formation, and the extent to which propranolol inhibited DG production was greater than that to which PA levels were augmented. Further investigation revealed that propranolol inhibited the breakdown of PC, probably accounting for its inhibition of DG production. This finding was somewhat surprising, since this effect was not observed with fMLP stimulation.
In order to rule out phospholipase C activation, we examined the water-soluble products of PC hydrolysis, namely choline and phosphocholine. These two molecules are direct products of phospholipase C and D activity respectively. Consistent with the activation of phospholipase D was an increase in cellular choline levels when PMNs were stimulated with A23 187 or PMA. However, we were unable to demonstrate an increase in cellular phosphocholine levels in response to these agents at the times investigated. Therefore, a PC-hydrolysing phospholipase C is not likely to play a role in the DG production stimulated by fMLP, A23187 or PMA. In conclusion, the predominant mechanism responsible for DG production from choline-containing PCs in stimulated PMN appears to be the activation of phospholipase D with the subsequent breakdown of PA by PA phosphohydrolase.
